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SUMMARY 


A  mathematical  model  la  daaoribed,  abicli  has  bean  devised  for  improving 
the  physical  understanding  of  helicopter  dynamic  instability  in  hovering 
(two  degrees  of  freedoa).  A  demonstration  aodel  has  been  built  according 
to  this  principle.  The  influence  of  parameters,  artificial  stabilization 
and  sling  load  on  the  dynamic  characteristics  is  shorn. 

A  short  16  an  film  is  available. 
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demonstration  conform da ent  A  ce  princlpe.  L’  influence  des  parandtres, 
de  la  stabilisation  artiflcielle  et  de  la  charge  dlingude  sur  les 
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8m  Pi  gar*  l  for  positive  direction* 


angle  between  thrust  sad  rotor  shaft  centreline 

danping  in  pitch  or  roll  =  chsnge  in  a  per  unit  in  angular  velocity  of 
the  rotor  head,  including  the  effect  of  artificial  rate  stabilisation 

■o  +  K 

Meed  stability  =  change  in  a  per  unit  in  linear  velocity  of  the  rotor 

head 

acceleration  due  to  gravity 

distnce  of  the  rotor  head  above  the  helioopter  centre  of  gravity 
helicopter  nonsnt  of  inertia  about  axis  through  centre  of  gravity 
helioopter  saas 

=  d 

horlaontal  velocity  of  helioopter  centre  of  gravity 
angular  attitude  of  fuselage 

linear  scale  of  aechanleal  nodel  with  respect  to  nathesKtical  aodel 
■ass  scale  of  neobanloal  nodel  with  respect  to  nathenstical  aodel 


■MILS  MB  BELICOPTEB  BYNAMIC  STABILITY  INVB8TI9ATI0N8 
L.R.  Lucas* en‘  and  P.J.  Stark* 


1.  INTBOBUCYION 

It  la  know  fro*  experience  that  tha  aotioo  of  a  noraal  hall  copter  without  special 
provisions  la  dynanloally  unatabla.  Ihla  la  alao  pro  rad  bgr  several  thooratloal 
oooaldoratioea,  la  ahloh  It  la  pointed  out  that  oartaln  criteria  are  not  net  or 
uaatable  roots  appear.  Only  relatively  aeldoai  la  a  nechanical  approach  used  in  order 
to  laprove  the  physical  understanding  of  the  behaviour. 

The  pain  object  of  thla  Report  la  to  give  a  contribution  In  thla  direction,  firatly 
by  nek  Inc  nae  of  a  rather  alvle  nathenatloal  helioopter  aodel.  Thereafter  it  la 
explained  ho*  thla  nodal  can  be  built  at  a  reduced  alae  for  demonstration  purposes. 


S.  TBEOBETICAL  ASPECTS 
S.  I  fieneral 

Before  dealing  with  then*  nodal s.  It  la  neceaaai7  to  recall  aone  laportsnt 
theoretical  aapacta  of  helioopter  end  rotor  dmanloa.  in  order  not  to  oonfuse  the 
derlvationa  with  too  nany  details.  It  haa  been  attanpted  to  consider  only  essential 
quantities.  This  haa  resulted  in  the  adoption  of  scsm  rather  drastic  slapliflcatlons: 

(a)  hovering  helicopter, 

a 

(b)  an  all  deviations  of  the  helioopter  in  two  degrees  of  freedon  (roll  and 
aide  slip  or  pitch  and  forward  speed). 

Other  aasunptiona  are  uentioned  in  the  next  two  sections. 

S.S  The  Helicopter 

The  helioopter  quantities  which  are  Important  for  the  analysis  are: 

(a)  the  helioopter  naas  M, 

(b)  the  distance  h  of  the  centre  of  gravity  below  the  rotor  head. 

(o)  the  nonent  of  inertia  I  about  the  axis  through  the  centre  of  gravity  about 
which  the  aircraft  la  free  to  rotate. 

Bone  additional  assuptlons  are: 

(1)  helioopter  centre  of  gravity  on  the  abaft  centreline. 

(11)  rotor  thrust  equal  to  weight. 

*Nationaal  Lucht-  en  Buimtevaartlaboratorium,  Amsterdam,  Netherlands 
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a.  3  The  Motor 

An  important  paraaeter  In  the  theory  of  dynanlc  stability  is  the  angle  a  between 
the  centreline  of  the  shaft  and  the  thrust.  This  angle  is  generally  aaauned  to  be 
linearly  dependent  on  the  angular  velocity  of  the  rotor  head  and  its  linear  velocity: 

a  =  aq$  +  a^u  +  h0)  .  (1) 

(8ee  Pig.  1(a).)  The  dasplng  in  pitch  aQ  and  the  speed  stability  a,,  depend  on 
geoewtric,  mass,  and  operational  characteristics  of  the  rotor  blades.  The  sign 
convention,  as  indicated  in  Equation  (1)  and  Figure  1(a),  leads  to  positive  values  for 
aq  and  a^  in  the  nornal  case. 

In  Bquation  (1),  two  terns  are  proportional  to  d  .  Taking  these  together,  then 


*  =  +  V1  • 

where 

a'  =  e,  +  han. 

As  aq  depends  on  h  ,  it  is  strictly  speaking  no  longer  a  rotor  quantity. 

However,  haQ  is  generally  snail  in  conparison  with  aq  ,  so  that  a'  %  aq 
nainly  detemined  by  the  rotor. 


(2) 

(3) 

is  still 


The  eccentricity  of  the  blade  flapping  hinges  is  assuned  to  be  zero.  This  leads  to 
zero  nonents  fron  the  rotor  on  the  shaft. 


2.4  Helicopter  Dyn antes 

The  equations  of  notion  for  the  helloopter  in  two  degrees  of  freedon  are,  according 
to  Figure  1(a): 


translation:  Mu  =  Mg (8  -  a)  ,  (4) 

rotation:  =  -hMga  .  (5) 

After  substitution  of  Equation  (2),  these  becone: 

Mu  =  Mg(0  -  -  attu)  ,  (•) 

iS  =  -hMg(a^  +  auu)  .  (7) 


These  equations,  although  based  on  several  assunptions  as  aentioned  before,  give 
very  reasonable  approxinatlons  for  the  type  of  notion,  the  period  and  the  daaplng 
tine  of  a  hovering  helicopter. 


Dynmic  aodels,  representing  the  helicopter,  should  also  obey  these  equations. 
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S.5  htkwticil  Mala 


la  order  to  iaprova  tha  phyaical  understanding  of  the  hallooptar  dynamic  behaviour. 
It  hM  been  attempted  to  devise  a  aathaaatloal  aodel  which  la  siapler  than  that  show 
In  Plgnra  1(a).  This  nodal  la  lndloatad  In  Pleura  1(b).  An  Important  feature  la  that 
It  doaa  no  longer  Include  the  rotor.  On  the  ahaft  centreline,  a  point  has  been 


a 


Indicated  at  a  distance  -A  above  the  helioopter  centre  of  gravity.  This  point  la, 

*u 

for  reasons  vhlch  *111  soon  beecae  clear,  called  the  damper  point.  It  novea  with  the 
helioopter  fuselage  and,  because  of  the  choaen  distance.  Its  horlaontal  velocity 

a'd? 

ooaponenta  due  to  rotation  and  tren elation  are  — and  u  respectively.  The  ratio 


between  these  velocities  la  exactly  equal  to  the  ratio  of  the  rotor  forces  Mga^  and 
Mga^u  ,  these  being  two  of  the  three  horlaontal  ooaponenta  of  the  thrust.  If  therefore 
a  horlaontal  diaper  is  aaauaed  to  act  at  the  daaper  point,  this  *111  exert  forces 
dependent  on  6  and  u  In  the  right  proportion.  It  la  Important  to  note  that  the 
distance  between  the  daaper  point  and  the  helicopter  centre  of  gravity  la  by 
definition  oonatant  and  alaoat  fully  determined  by  rotor  quantities  (if  the  snail 
correction  on  a4  la  disregarded) . 


The  <taaper  point  should  not  be  confused  with  the  so-called  neutral  point  above  a 
rotor,  which  is  aoaetiaes  used  in  rotor  theory,  particularly  of  Oeraan  origin.  The 
neutral  point  Is  related  to  the  aoaent  which  a  rotor  exerts  on  the  shaft,  tor  Instance 
due  to  eccentric  flapping  hinges.  Such  aaaents  are  not  considered  here. 


For  noraal  helicopters,  -JL  nay  be  of  the  order  of  100  feet,  so  the  daaper  point 

■u 

la  considerably  above  the  rotor. 


The  daaper  oonstant,  being  the  ratio  of  the  (taper  force  and  velocity,  should  be 
equal  to  Mga^  in  order  to  produce  a  force  of  the  ritfit  aagnitude. 

The  third  horlaontal  coaponent  Mgd  of  the  rotor  thrust  in  the  aatheaatlcal  aodel 
is  assumed  to  act  at  the  helicopter  centre  of  gravity.  This  guarantees  the  absence 
of  a  aoaent  dependent  on  9  ,  as  is  in  fact  required  by  Equation  (7). 


The  equation  for  the  horizontal  notion  of  the  aatheaatlcal  aodel  appears  to  be: 


Mu 


Mg6>  -  Mgaa 


<B) 


and  this  is  equivalent  to  Equation  (6).  In  order  to  fulfil  the  aoaent  equation 

a' 

(Eqn. (7)),  it  is  necessary  to  scale  the  aoaent  of  Inertia  with  the  factor  — JL  . 

h*u 

The  reason  for  this  scaling  can  also  be  explained  in  other  terns.  Consider  the  distsnee 

s' 

JL ,  which  is  larger  than  h.  However,  the  (taper  force  is  equal  to  the  two  horizontal 

*u 

ooaponenta  of  the  rotor  thrust.  Therefore  the  aoaent  will  be  larger  and,  in  order  to 
obtain  the  aaae  angular  acceleration,  the  aoaent  of  inertia  should  be  scaled  up. 
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Hie  corresponding  equation  is 


which  Is  Identical  to  Equation  (?).  The  aatheaatical  nodel  will  therefore  have  the 
sane  dynamic  characteristics  as  the  helicopter.  The  tine  scale  of  the  notions  is 
equal  to  one. 

These  considerations  show  that  the  action  of  a  helicopter  rotor  Is  equivalent  to 
the  coabined  action  of  a  physically  nore  understandable  danper  at  the  diaper  point 
and  a  force  Mgd  at  the  centre  of  gravity,  both  forces  being  horlnontal. 

Sons  general  results  nay  be  obtained  by  paying  closer  attention  to  this  nodel.  It 
is,  however,  preferred  first  to  proceed  to  the  description  of  the  nechanlcal  nodel.  The 
discussion  nay  be  found  in  Section  4. 


3.  MECHANICAL  MODEL 


In  developing  the  nathenatlcal  nodel,  the  questions  did  arise  whether  it  would  be 
possible  to  materialize  this  nodel  and  for  which  purposes  it  could  be  used. 


The  first  question  is  probably  best  answered  fay  referring  to  Figures  3  and  4, 
showing  a  diagraa  and  a  picture  of  the  nechanlcal  nodel.  This  is  sinilar  to  the 
nathenatlcal  nodel,  but  constructed  at  a  length  scale  X.  and  a  nass  scale  /u.  .  It 
consists  of  a  horizontal  rail,  along  which  a  car  is  allowed  to  nove.  This  car 
represents  the  centre  of  gravity  of  the  helicopter.  A  bar,  representing  the  nonent 
of  Inertia  of  the  helicopter,  is  nounted  on  pivots  in  this  car.  The  upper  end  of  the 
bar,  corresponding  to  the  danper  point,  is  equipped  with  an  air  danper.  In  order  to 
exert  the  force  Mg 6  at  the  centre  of  gravity,  the  car  is  connected  to  a  second  car 
on  a  sloping  rail.  Its  gradient  is  varied  by  a  servonechanian.  This  receives  an 
input  fron  a  potentioneter  in  the  first  car,  Measuring  the  attitude  angle  6  of  the 
bar  with  respect  to  the  vertical.  The  weights  of  cars  and  bar  together  correspond  to 
the  helicopter  weight  (scale  n  ).  As  only  the  second  car  is  on  the  sloping  rail,  its 
gradient  is  somewhat  larger  than,  but  proportional  to,  the  attitude  angle  of  the  bar. 


With  regard  to  the  nodel  Beales,  the  following  renarks  apply  (Fig. 2).  All  lengths 

s' 

of  the  nathenatlcal  nodel  are  reduced  by  the  linear  scale  K.  As  _i  is  large,  \  must 

“t. 

be  chosen  rather  snail  in  order  to  obtain  reasonable  nodel  dinensions. 


For  the  tine  scale,  one  nust  res  ember  that  g  ,  having  the  dimension  [1/ 1*]  ,  is 
equal  for  the  nathenatlcal  and  nechanlcal  nodels.  So  a  tine  scale  of  A  nust  be 
accepted.  Independent  of  these  scales  is  the  nass  scale  i±  .  Scales  for  other 
quantities  such  as  I  ,  damping  constant,  etc.,  are  combinations  of  K  and  n  . 


The  nodel  as  shown  in  Figure  4  has  been  built  fron  a  universal  construction  system 
(Swedish  FAC  X-2),  a  servo -component  kit  (English  Feedback  Ltd.)  and  sene  nodel 
railway  elements. 


I 

I 


4.  DISCUSSION 

4. 1  General 

Having  described  the  astheaatical  end  Mechanical  nodels,  It  la  possible  to  go  into 
soae  nore  detail.  The  discussion  will  be  given  In  terns  applying  to  the  natheaatical 
nodel  (Fig. 1(b));  for  the  nechanical  nodel,  the  scales  have  to  be  taken  into  account 
(Pig. 2). 

4.2  Period 


The  length  -1  of  the  natheaatical  nodel  nay  for  a  noaent  be  considered  as  the 
length  of  a  staple  pendulun.  Its  period  of  oscillation  would  then  be 


T  =  tn 


This  equation  for  helicopters  was  first  derived  by  Hoheneaser  in  1944 


fay  starting  froa  the  equations  of  notion  and  neglecting  the  helicopter  noaent  of 
inertia.  This  approxination  is,  however,  seldoa  appropriate.  The  natheaatical  nodel 
shows  two  reasons.  First,  the  helioopter  noaent  of  inertia  (coapound  pendulun  Instead 
of  staple  pendulun)  leads  anyhow  to  larger  periods  and  it  had  to  be  scaled  up  with 

a*  a' 

the  factor  —  .  Secondly,  the  upper  point  of  the  length  Ji  is  not  fixed  to  mace 

hBu  *» 

but  attached  to  the  darner.  This  also  leads  to  an  increase  in  period. 


4.3  Helicopter  Instability 

The  action  of  the  rotor  thrust  and  weight  on  the  helicopter  nay,  according  to  the 
nodels,  be  considered  as  being  equivalent  to  that  of  two  horizontal  forces  (Fig. 1(b)). 
The  upper  force,  depending  on  a£  and  Sg  ,  is  purely  daaping.  Biergy  is  pernanently 
withdrawn  fron  the  systea  at  the  danper  point.  The  only  reason  for  instability  nust 
therefore  be  sought  in  the  force  .  If  a'  and  a^  were  zero,  then  the  daaper 
would  exert  no  noaent  about  the  centre  of  gravity  and  the  angular  velocity  6  would 
be  constant.  The  translational  notion,  which  is  then  only  influenced  by  the  force 
Mgd  at  the  centre  of  gravity,  will  have  a  linearly  increasing  acceleration,  which  is 
obviously  unstable.  The  Introduction  of  the  aforeaentioned  daaping  leads  to  a 
statically  stable  notion,  but  the  dynaalc  instability  reaains  in  the  fom  of  diverging 
oscillations. 

4.4  Artificial  Stabilisation 

In  its  sinpleBt  fora,  artificial  stabilization  is  obtained  by  cyclic  control  inputs 
to  the  rotor  which  sake  the  thrust  angle  a  dependent  on  fuselage  attitude  9  : 

a  =  a'^  +  a^u  +  a^  .  (10) 

Substitution  in  the  equation  of  notion  (Eqn. (5)), shows  that  artificial  stabilization 
leads  to  an  extra  noaent  on  the  helicopter  of  -hMgapd  about  the  centre  of  gravity. 

In  tens  of  the  natbanatlcal  nodel,  this  neans  that  the  force  Mgd  ,  or  nore 

si 

precisely  Hg&  (l-sfi),  should  act  at  a  point  _!  a^  below  the  centre  of  gravity. 


j 

i 
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It  ia  now  obvious  that  such  a  fores  tends  to  decrease  the  angle  6  ,  thus  having  a 
stabilising  effect  on  the  notion.  As  the  aonent  an  is  proportional  to  eg  ,  larger 
values  of  this  coefficient  will  naturally  be  nore  favourable. 

4.S  Sling  Load 

Helicopters  are  often  used  for  the  transportation  of  extenal  loads.  In  several 
cases  these  naj  have  an  unfavourable  Influence  on  the  flying  qualities,  thus 
restricting  the  operational  possibilities. 

In  order  to  avoid  such  restrictions,  different  aethods  of  load  suspension  have  been 
devised,  their  ooaaon  idea  being  to  avoid  noaenta  of  the  load  about  the  helicopter 
centre  of  gravity. 

Sane  prelialnary  tests  on  the  nechanlcal  aodel  have  been  nade  to  deaonstrate  the 
influence  of  the  sling  load  on  the  notion.  Figure  5  shoes  this  aodel  with  the  sling 
load  attached.  Because  the  bar  represents  the  fuselage,  the  load  nay  be  directly 
suspended  froa  this  bar. 


5.  CONCLUSIONS 

Theoretical  considerations  and  experiaents  on  aodels,  representing  the  dynanlc 
characteristics  of  a  hovering  helicopter  with  two  degrees  of  freedoa,-  with  and  without 
artificial  stabilisation  and  sling  load,  have  led  to  the  following  conclusions: 

(1)  The  damper  point  on  the  rotor  shaft  centreline  at  a  distance  above  the 

■n 

helicopter  centre  of  gravity  is  a  concept  which  nay  be  used  for  iaprovlng 
the  physical  understanding  of  helicopter  instability. 

(11)  The  coaplicated  action  of  rotor  thrust  and  weight  on  a  helicopter  nay  for 

stability  considerations  be  replaced  hy  that  froa  two  horizontal  forces:  one 
at  the  danper  point  and  the  other  at  the  centre  of  gravity,  proportional  to 
the  attitude  angle. 

(ill)  It  has  appeared  possible  to  construct  a  staple  mechanical  model,  on  the  basis 
of  the  aatheaatical  aodel,  rtilch  can  be  used  for  daaonstrating  dynanic 
characteristics  and,  anongst  others,  the  influence  of  artificial  stabilisation 
and/or  sling  load  on  the  notion. 
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Director  of  Scientific  Inforaatlon  Service 
Defense  Research  Board 
Departaent  of  National  Defense 
'A*  Building,  Ottawa,  Ontario 

Military  Research  Board 
Defense  Staff 
Kastellet,  Copenhagen  0 


PRANCE 


GERMANY 

ALLEMAGNE 


GREECE 

GRBCE 


O.N.E.R.A.  (Direction) 

25,  Avenue  de  la  Division  Leclerc 
Chit i 1 1 on- sous- Bagneux  (Seine) 

Zentralstelle  flir  Luftfahrt- 
dokusentation  und  -inforaatlon 
Mttnchen  27,  Marla-lheresla  Str.  21 
Attn:  Dr.  H.J.  Rautenberg 

Greek  National  Defense  General  Staff 

B.  MBO 

Athens 


ICELAN)  Director  of  Aviation 

I8LAN)E  c/o  Plugrad 

Reykjavik 


ITALY 

ITALIE 


Ufflclo  del  Generale  Ispettore 
del  Genio  Aeronautlco 
Ministero  Dlfesa  Aeronautics 
Rons 


LUXEMBURG  Obtainable  through  Belglua 

LUXEMBOURG 

NETHERLANDS  Netherlands  Delegation  to  AGARD 

PAYS  BAS  Mlchlel  de  Ruyterweg  10 

Delft 


NORWAY 

NORVEGE 


PORTUGAL 


TURKEY 

TURQUIE 


UNITED  KINGDOM 
ROYAU1C  UNI 


UNITED  STATES 
ETATS  UNIS 


Mr.  0.  Blichner 

Norwegian  Defence  Research  Establlshaent 
KJeller  per  Lillestrfim 

Col.  J.A.  de  Almeida  Vlasta 
(Delegado  Nacional  do  ‘AGARD* ) 

Direc^&o  do  Servijo  de  Material  da  P.A. 

Rua  da  Escola  Politecnlca,  42 
Lisboa 

Ministry  of  National  Defence 
Ankara 

Attn.  AGARD  National  Delegate 

Ministry  of  Aviation 
T.  I.L. ,  Room  009A 
First  Avenue  House 
High  Hoi born 
London  W.  C.  1 

National  Aeronautics  and  8pace  Administration 
(NASA) 

1520  H  Street.  N.W. 

Washington  25,  D.C. 


$ 
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